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Abstract
Research performed at the University of New Mexico under the AFOSR-supported optoelectron-
ics Research Center is reported. This includes work on: high temperature nanoparticle phos-
phors, optomechanical oscillators, GaN nanoepitaxial growth and devices, dual-wavelength IR
lasers for THz generation, CVD diamond and VECSEL integration, plasmonic detectors and
focal plane arrays, and 3D interferometric lithography.

Introduction

The AFOSR-supported Optoelectronics Research Center at the Center for High Technology Ma-
terials at the University of New Mexico has continued to progress across a number of important
areas as detailed in this report, covering the period April 1, 2011 to November 30, 2011. Re-
search in materials, fabrication and devices is reported. While the detailed reports cover this li-
mited period the publications list includes all publications for the full period of the grant: April 1,
2009 to November 30, 2011.

1. ZnSe:Mn/ZnS High Temperature Nanophosphors with Very High Quan-
tum Efficiency for White LEDs (Osinski)

Efficient single-chip white LEDs are desirable in future lighting applications for optimal color
rendering from the point of view of both human perception and energy efficiency. Single-chip
white LEDs based on blue InGaN/GaN emitters are very attractive for general lighting because
of their low cost and high luminescence efficiency. Most commercially available single-chip
white LEDs are manufactured by combining a blue InGaN/GaN LED chip with a yellow phos-
phor, typically yttrium aluminum garnet (YAG) doped with cerium. White LEDs with the yellow
phosphor emit an intense bluish white light, dominated by blue emission from the InGaN/GaN
chip [1]. While many organic materials have been investigated for application as phosphors to
improve the color rendering index of white LEDs, still their resulting emission is bluish white
[2].

Our choice of Mn-doped ZnSe nanocrystals (NCs) is driven by their cadmium-free composition,
bright emission well above room temperature [3,4], and their peak excitation in the violet — blue
region. Quantum efficiency as high as 70% has recently been reported for Mn-doped ZnSe col-
loidal NCs [3]. Using colloidal synthesis, ZnSe:Mn/ZnS NCs were synthesized, emitting at the
497 nm peak and the Mn related 587 nm peak. These NCs were shelled with ZnS to provide ad-
ditional isolation of the ZnSe:Mn NC core.

The synthesis for our ZnSe:Mn/ZnS NCs was adapted from Acharya et al. with significant mod-
ifications [5]. The ratio of Mn to Zn precursors, the large excess of Se at the beginning of synthe-
sis, and the addition of S to the shell account for the significant modifications to the procedure
that have resulted in this novel nanophosphor with record high QE.

In a typical synthesis, the Se precursor is prepared by adding 123 mg of selenourea to 10 mL of
oleylamine in a three-neck flask. The solution is heated and stirred under argon until the selenou-
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rea is completely dissolved, then it is allowed to cool. The core Zn precursor is prepared by add-
ing 63 mg of zinc stearate (ZnSt,) and 5 mL of octadecene (ODE) to a three-neck flask. The
flask is then heated to 260 °C under argon; once the temperature is stabilized at 260 °C, all of the
Se precursor is injected into the flask. The flask is then cooled to 240 °C. The Mn dopant is pre-
pared by adding 6.3 mg of manganese stearate (MnSt,) to 0.5 mL of ODE. The mixture is in-
jected into the flask at 240 °C, the temperature is maintained until the dopant emission appears,
and then the flask is heated to 260 °C.

The shell Zn precursor is prepared by adding 0.63 g of ZnSt, to 0.28 g of stearic acid (SA) and
10 mL of ODE to a three-neck flask. The ZnSt,/SA/ODE solution is then heated and stirred un-
der argon for injection. To begin, 0.96 mL of the ZnSt,/SA/ODE solution is injected into the
flask at 260 °C, and after 10 min another 0.96 mL is injected into the flask. The remainder of the
shell is grown by progressively increasing injections of the ZnSt,/SA/ODE solution into the
flask. The injection temperature for the flask is 260 °C, and after each injection the temperature
is rapidly lowered to 240 °C. The four subsequent injections have the volumes of 1.33 mL, 1.69
mL, 2.25 mL, and 2.81 mL, respectively.

The shell S precursor is prepared by adding 15 mg of powder S to 1.5 mL of ODE, which is then
injected into the flask at 260 °C. The flask is cooled to 240 °C for 15 minutes, then cooled to
room temperature. The resulting NCs are washed by centrifugation using acetone, until a trans-
parent supernatant is obtained. The supernatant is then discarded, while the NC precipitate is col-
lected using toluene and stored in a brown glass bottle.

Photoluminescence (PL) and quantum efficiency (QE) were measured using a Horiba Jobin
Yvon Fluorolog-3 spectrofluorometer, using Spectrosil® quartz cuvettes. ZnSe:Mn/ZnS NCs
have two emission peaks: a shorter wavelength emission peak at 497 nm, and a longer wave-
length emission peak at 587 nm. The 497 nm peak is excited by 453 nm light and has a shoulder
at 525 nm, while the 587 nm peak is excited by 418 nm light, as shown in Fig. 1.

1 497 i 587
700000+ ZnSe Mn 3 500000
600000 BAGA 080811 1 ZnSe Mn 3
] In Toluene 400000 BAGA 080811 1
@ PL BA 081011 7 In Toluene
& a00000- FF Detection & 300000 PLBA 081011
2 200000 Exc. InmEm. 1nm = FF Detection
2 Excitation 453 nm 2 50000 Exc. InmEm. 2nm
2 2000004 2C £ Excitation 418 nm
100000 100000 2C
04
04
-100000

500 600 700 800 500 600 700 800
Wavelength (nm) Wavelength (nm)

Fig. 1. PL spectra of ZnSe:Mn/ZnSe/ZnSeS NCs in toluene, excited by 453-nm light (left) and by
418-nm light (right).
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Fig. 2. PL emission from ZnSe:Mn/ZnS NCs during the synthesis at 240 °C (left) and after col-
liong down to room temperature (right).

QE measurements of ZnSe:Mn/ZnS NCs were performed using the Fluorolog-3 integrating
sphere attachment and a liquid sample holder. Results from QE measurements At the 497 nm
emission with 453 nm excitation, the measured QE was as high as 91%. At the 587 nm emission
with 418 nm excitation, the QE was 39%.

Fig. 2 illustrates the high temperature emission from ZnSe:Mn/ZnS NCs, as observed during the
synthesis. This is in contrast to CdSe/ZnS NCs, whose emission drops sharply with increasing
temperature, and practically disappears above 60 °C. High PL efficiency at elevated temperatures
makes the ZnSe:Mn/ZnS NCs particularly attractive for applications as nanophosphors in high-
power white LEDs.
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2. Harmonic RF frequency generation in optomechanical oscillator (OMOs)
(Hossein-Zadeh)

We have finalized our experimental and theoretical study on harmonic generation in optome-
chanical oscillators. We now understand the relation between optical detuning, input power and
the harmonic components in the power spectrum of the harmonic components. We have meas-
ured the detected power spectrum as a function of relative detuning A (= A/81, A = Viaser - Vo, Vo
is the optical resonance and is &, the loaded optical bandwidth) and input power (Pi,) values. The
time domain coupled differential equations approach is in relatively good agreement with expe-
rimental outcomes for both low-power and high-power regime. However using this approach for
each data point the equations should be solved separately. To simplify this process we have de-
veloped a relatively simple method based on the resonant optical transfer function (that we call
TFM). TEM works very well for Pi, < 3 Py, and fomo <8.. This is the preferred regime for OMO
operation with reasonable phase-noise and minimal harmonic components (P is the threshold
power and fomo Is the mechanical oscillation frequency). Fig. 1(a) shows the typical RF spec-
trum of the OMO output power. Fig. 1(b) shows the measured harmonic components plotted
against relative detuning for P;, = 5.4Py,. As expected in the high power regime for large detun-
ing the second and eventually the third harmonic become larger than the fundamental oscillation
frequency. Fig. 1(c) shows the measured harmonic components plotted against relative detuning
for Pi, = 1.8Pw. The solid lines are the theoretical prediction using our transfer function method
(TFM). Soon we will submit a detailed report of our study to a peer-reviewed journal.

© Piop,

Detected RF Power (dBm)
i -

RF Power (W)

rL P3

” M LTSI P
2006406 L20Es07 2.30E007 3208407
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( a ( b .2 0.4 6 N : 2 14 ( C ‘ o ":_
Fig. 1. (a) RF spectrum of the OMO output power for a typical silica microtoroid. P, P, and P3
are the fundamental, 2" and 3" harmonic components. (b) Experimentally measured harmonic
components plotted against relative detuning (4, = wavelength detuning/loaded linewidth) for
Pin = 5.4 Py (¢) Measured harmonic components plotted against A, for Pi, ~1.8Py,. The solid
lines are the theoretical prediction using the transfer function method (TFM) that we have devel-
oped.
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Note: the final stage of these measurements has been done using the new RF spectrum analyzer
that was purchased toward the end of the program (with permission from AFOSR). This analyzer
has significantly improved the accuracy of our measurements and as a result the good agreement
with theoretical predictions.
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3. Optical control of microwave networks using bulk effects (Hossein-
Zadeh)

We have studied and developed new configurations for optical control of microwave resonators
based on bulk optical interaction. Almost all previous methods have focused on surface effects
using laser wavelengths around 800 nm and the co-planar microwave structures. We fabricated a
side-coupled microwave ring resonator on a silicon substrate for our study. The substrate thick-
ness is 500 micron and the ground plane and the resonator-transmission line structure are created
using RF sputtering of copper and photolithography. We created holes at different locations on
the copper ring to test the effect of bulk illumination on regions with various distributions and
strengths of microwave electric field. The collimated beam form a 1064 nm laser was used as the
optical control beam. Based on the experimental values of silicon absorption the effective inte-
raction length for 1064 nm photons is about 1 micron that corresponds to one round trip through
the substrate. Note that the copper ground plane acts as a mirror at optical frequencies. Fig. 1(a)
is a photograph of two samples under test. Fig 1(b) and 1(c) show the schematic diagram of the
side-coupled ring as well as calculated electric field distribution in the middle of substrate at the
fundamental resonant frequency. Fig. 1(d) shows the configuration used for vertical illumination
of the sample.

(d)

Il Copper
[ Silicon

Collimator

Fig. 1. (a) Photograph of the side coupled microwave ring resonator fabricated on a silicon sub-
strate. (b) Schematic diagram of the side-coupled ring resonator and the locations where laser
power has been focused on (in each case a hole is created on the copper to allow optical trans-

mission. (c) Simulated electric field distribution in the middle of substrate at the fundamental
resonant frequency of the microring resonator. (d) Vertical illumination of the sample by a col-
limated laser beam.

Fig. 2. shows the experimental results obtained with one of the rings that has been optically in-
terrogated through a hole in location #2. The responses of the first and second resonant modes
are monitored.
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Fig. 2. (a) The spectrum of the transmitted RF power (S,;) through microstripline side-coupled
to the RF ring resonator (showing the first and second resonant frequencies). (b) Transmission
spectrum around the first resonance at different optical power levels. (c) Transmission spectrum
around the second resonance at different optical power levels. Here the collimated laser beam
(1064 nm) is placed on the spot #2 (see Fig. 1(c)).

The experimental results show that moving to longer wavelengths and using the bulk optical ef-
fect not only creates new possibilities for optically controlled microwave circuits but also may
reduce the amount of optical power needed for controlling the microwave transfer function. The
results of this study and design will be sent for publication soon.
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4. Developing waveguides for on-chip integration of high-Q silica
microtoroids (Hossein-Zadeh)

We have continued our effort on fabrication of polymer waveguide that is phase matched to a
high-Q silica microtoroid. Using the fabrication facilities at Center for Integrated Nanotechnolo-
gies (CINT), we have been able to fabricate PMMA waveguides on CYTOP coated ITO sub-
strate. Based on the waveguide dimension and numerical calculation this waveguide has an ef-
fective index very close to the silica fiber-tapers that are currently used to couple to microtoroids.

(a) (b) (c)

Fig. 1. (a) Top-view micrograph of the PMMA waveguides fabricated on a transparent substrate.
(b) SEM image of the PMMA waveguide. (c) Top-view micrograph of red laser propagation
through one of the waveguides.
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5. Hybrid optomechanical resonator (Hossein-Zadeh)

Using CINT facilities we have been able to complete the fabrication process for a silica-SizNy4
optomechanical resonator. The results proved that the proposed fabrication process is feasible
and can be used for a variety of hybrid high-Q optical microcavities. We have also simulated the
mechanical behavior of these structures and calculated the resonant frequencies and effective
masses associated with each mode. A provisional patent has been disclosed for the fabrication
methods of hybrid microresonators.

emLl L

—p

(a) (b) (c) (d)

Fig. 1. (a) Top-view micrograph of a hybrid silica- SisN4 before etching the silicon substrate. (b)
SEM image of hybrid silica- SizN4 microdisk on to of a silicon pillar (after XeF, etching). Fo-
cused-lon-Beam (FIB) is used to cut a small section of the Microdisk to observe and study the

interface between thermally grown silica and the SisN4 microdisk. (c) and (d) Simulated mechan-
ical displacement of the hybrid microdisk resonator for the third (fre = 48 MHz) and sixth (fre

=134 MHz) mechanical modes of the structure.
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6. GaN Growth and Devices (Hersee)

During the last year this project has focused on exploring the novel capabilities of templated,
non-planar GaN growth to better understand the underlying growth mechanism and to determine
the full potential of this revolutionary process.

—— iem
EEEE 15KV X11,000 15am

Figure 1: Nonplanar GaN Structures. Nanowalls (left) and nanowires (right)

The basic templated growth process has been described in previous reports®. Briefly, this
MOCVD (metalorganic chemical vapor deposition) approach uses standard TMGa and NHj3 pre-
cursors and requires no additional catalysts. When optimized this process grows massive arrays
of uniform GaN nonplanar objects. For example, Fig. 1 shows an array of nanowalls (left) and an
array of nanowires (right) grown by this approach. The sidewall facets of these objects are atom-
ically smooth {1100} facets and as shown in previous reports we can grow high quality I11-N on
these sidewalls. The direction perpendicular to these facets is non-polar in GaN, which means
that unlike normal GaN grown on c-oriented sapphire substrates, the GaN grown on these side-
wall facets has NO built-in electric fields. The absence of built-in electric field is important for
many devices such as LEDs or transistors, and these sidewalls thus represent a rich opportunity
for developing a new family of nonplanar and non-polar GaN devices.

The lateral shape of the nonplanar GaN objects (i.e., their cross-section) is controlled by the
shape of the aperture in the growth template (aka growth mask). The vertical growth rate of these
non-planar objects is, however, a complex function of their geometry and their pitch as described
below.

There are 2 fluxes of nutrient that contribute to the growth of each non-planar object (Fig. 2).
There is a flux (#7) from the gas phase falling directly on the non-planar object. There is a
second flux that initially hits the growth mask (#1), where no growth takes place, and then either
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evaporates (#2) from the mask surface or moves sideways (#3) to contribute to growth of an ad-
jacent nonplanar object.

The amount of lateral growth flux will vary with the spacing of the nonplanar objects. When they
are close together they compete for nutrient and the lateral growth flux per object is reduced.

SURFACE DIFFUSION AV 7J
growth A < growth
1. Growth nutrient arrives at sample surface nutrient 5 nutrient
: . - : : 1 4
2. Evaporation3. Nutrient within “capture radius” dif- i \ GaN
fuses to nanowire
T ) i growth
i : : k
4. Evaporation | ! B masl |
5. Surface diffusion and growth on sidewall ..—.
GaN | capture !
6. Growth at nanowire tip radivs
GAS PHASE DIFFUSION Fig. 2: Schematic of growth and

_ diffusion processes.
7. Growth from gas phase to nonplanar GaN object

It is useful to consider a “capture radius” extending around the object. Growth nutrient that lands
within the capture distance will contribute to the growing structure. For example, if we assume 5
micron capture distance and a 10 micron diameter object - then everything within a 20 micron
diameter (centered on this hole) will be captured by this growing object (10+5+5). If we assume
a 5 micron capture distance hole with a 1 micron diameter object, then everything within an 11
micron diameter (1+5+5) will be captured by the structure. (Of course, when two nonplanar ob-
jects are spaced at less than the capture radius, then the two objects will compete for the growth
nutrient.) The volume of the nonplanar object should therefore be proportional to this total cap-

NW139 HOLES NW142 HOLES
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Figure 3: Left side shows data and theory for NW 139 and the plotted theory lines are for the fol-
lowing capture distances: 4, 3, 2, 1 microns. Right side shows data and theory for NW 142 and the
plotted theory lines are for the following capture distances: 3, 2, 1, 0.5 microns.
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ture area and this was tested against SEM data for 2 growths NW 139 and NW 142. Fig. 3 plots
the variation of the object volume as a function of its diameter, for 4 different capture radius val-
ues. Based on this data the capture radius is approximately 1.5 microns.

Thus when the object has a small cross-section, eg. < 1 micron diameter, the contribution of the

MW135
Maminal NW142 NW139 (GaM) MW100 {GalM)
aperture increase of increase of increase o increase of
diameter diameter diameter diameter diameter
10.00 1.19 1.00 1.17
5.00 1.48 1.55 1.25 1.40
2.00 1.75 1.81 1.53 4.70
1.00 3.06 2.35 7.86
Increase of diameter in NW135 (GaN), NW139 (GaN+AlGaN), NW142
(GaN+AlGaN) structures
3.50
NW142 Conclusions:
3.00 1. The lateral increase of diameter is greatest for
the smallest diameter structures
AVERAGE N )
ﬁ 2. The lateral increase of diameter occurs both for
[T
= 250 - - ;
g NW139 o GaM and AlGaN growth (see also NW100 data
= \ above - not plotted)
£ 2.00
=
1.50
1.00
D00 2.00 4.00 &.00 8.00 10.00 12.00
diameter (microns)

Fig. 4: Increase in object diameter relative to the mask aperture diameter, as a function of
the object diameter.

lateral flux will dominate and there will be a larger inward
flowing (lateral) growth rate towards the central structure.
The maximum lateral flow will occur for the smallest struc-
tures and will be greatest at the start of these structures. This
might explain why the smallest structures are observed to
show the biggest increase in diameter relative to the mask
aperture size. In the case of the larger diameter structures
the sideways flow will make a relatively small growth con-
tribution and these structures are observed to maintain ap-
proximately the same diameter as the aperture in the growth
mask. This behavior is clearly demonstrated by Fig. 4,
which plots the increase in object diameter relative to the

Figure 5: Non-uniform AlGaN
growth on the sidewalls of a
GaN nanowire core
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mask aperture diameter, as a function of the object diameter.

The basic growth of these nonplanar GaN objects is now well understood. However, more work
is needed to understand some of the more subtle growth behavior. For example, when AlGaN is
deposited on the sidewalls of a GaN nanowire, we sometimes observe a non-uniform coverage of
the sidewall as in Fig. 5.

The work described above is being prepared for publication. Other publications and a patent re-
sulting from this project are listed in the publications and patents section of the report.

1 S. D. Hersee, X. Sun, X. Wang, “The Controlled Growth of GaN Nanowires”, Nano Lett., 6, 1808 —
1811 (2006).
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7. Dual Wavelength QD Sources for THz Generation (Lester)

Applications for THz radiation are diverse, encompassing homeland security, computing and
communications technologies, medical and pharmaceutical fields as well as basic material
science®. THz waves can be generated by coherently interfering two optical modes, which are
generated by two separate single-mode lasers. The light is then absorbed in an ultrafast photo-
conductive semiconductor’® An alternative approach simultaneously generates dual wavelength
emission from a single laser cavity. This approach has the advantage of being free of optical
alignment issues since there is no need to align two laser beams-a critical requirement for pho-
tomixing efficiency. Typically, dual wavelength emission from quantum well (QW) lasers re-
quires two separate gratings to be incorporated into the device. Furthermore, the tunability asso-
ciated with these devices is limited by the bandwidth of the QW gain profile.'® By contrast,
quantum dot (QD) lasers offer a more flexible platform to generate tunable dual-wavelength
emission. Simultaneous ground state (GS) and excited state (ES) operation with multi-mode
emission has been previously observed in QD lasers and was attributed to the incomplete clamp-
ing of the ES carrier population at the GS threshold, in contrast to the complete clamping of the
threshold carrier density associated with QW lasers.** Due to the relatively low density of states
inherent to QDs and consequent unique carrier dynamics, dual-wavelength emission consisting
of a single distributed feedback (DFB) mode and a single Fabry-Perot mode, both originating
from the same inhomogeneously broadened QD transition can be realized. This phenomena of
accessing different carrier populations in an inhomogeneously broadened system is not likely in
a QW active region because of the contrasting carrier dynamics associated with a homogeneous-
ly broadened continuous density of states.™* The wide gain bandwidth characteristic of QD nano-
structures enables a relatively large frequency difference between the two modes.

Recently, a novel dual-mode emission was demonstrated in a two-section QD laser where one
mode was coupled to a Bragg grating and the other to the Fabry-Perot (FP) cavity.* It was
shown that the relative spectral intensities between the QD GS and ES modes could be equalized,
resulting in a simultaneous dual-mode emission with an 8-THz frequency difference. Following
the same concept with a similar device, our work focused on the generation of dual-modes from
the QD ES only with one peak being coupled to the grating and the other to the FP cavity. By
appropriately combining asymmetric pumping with controlled optical feedback, it is shown that
the observed mode frequency difference can be tuned from 1.3-THz to 3.6-THz over a wide
temperature range. These results are enabled through the unique nature of the QD media via the
ES inhomogeneous linewidth and are also coupled with the effects of using an external stabiliza-
tion mechanism. The technical approach described in this paper addresses the need for compact
size and low fabrication cost, which is significant for the development of future THz optoelec-
tronic sources.

In order to increase the laser’s stability as well as to manipulate the different FP cavity modes, an
optical fiber-based feedback loop was implemented in the experimental setup. The feedback loop
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to the laser consisted of a four-port polarization-maintaining (PM) 50/50 fiber coupler. The DFB
laser output light was injected into port 1, and The optical feedback was then created using a
high-reflectivity coated fiber connected to port 2. The applied external feedback level was con-
trolled via a fiber-based variable attenuator at port 4. The impact of the external optical feedback
on the laser spectrum was analyzed with a resolution of 10 pm. The distance between the laser
and the external reflector is estimated to be a few meters, which corresponds to an external
roundtrip time of about 10-30 ns (long external cavity condition).*® The amount of injected opti-
cal feedback into the laser, I', is defined as the ratio between the reflected power and the emitted
power. Figure 1(a) shows the optical spectra recorded under asymmetric pumping at the lowest
temperature (5°C) and for a total pump current of 115-mA (66.5-mA/48.5-mA). In Fig. 1(a), the
red spectrum corresponds to the solitary laser while the blue one is obtained for an optimum
feedback level of '=2x107. Results show that optimizing the applied external feedback condi-
tions leads to the generation of an additional mode lasing at 1208.1-nm and related to the FP cav-
ity, which is also located within the ES inhomogeneously broadened bandwidth.
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FIG. 1. Spectra under total asymmetric pump current for the solitary laser (red) and under

controlled optical feedback (blue) at (a) 5°C and (b) 40°C.

Since the ES DFB peak remains robust and stable as a result of strong Bragg gratings, a dual-
mode emission with 3.6-THz frequency difference is demonstrated. Figure 1(b) shows similar
results for the highest temperature (40°C) but for a total pump current of 153-mA (86-mA/67-
mA). Although the total pump current had to be increased to compensate for temperature-related
effects, it is important to note that the ratio of current in each section was kept constant at around
1.3 throughout the entire experiment. Under the highest achievable optical feedback level of
['=4x1073, a separate FP-generated peak excites at 1200.1 nm, which is 8-nm away from the grat-
ing coupled ES mode. This configuration leads to dual-mode emission with a 1.3-THz frequency
difference. In order to summarize the experimental findings, the variations of the frequency dif-
ference (left axis) over temperature as well as the corresponding SMSR (right axis) are illustrated
in Fig. 2. In this figure, each point is measured for the configuration that yielded the optimum
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optical feedback condition. Solid lines in Fig. 2 are used as a guide for the eye. Based on these
results it can be deduced that the frequency difference is progressively tuned closer to the gain
peak from 3.6-THz all the way down to 1.3-THz when the temperature is decreased successively
from 40°C to 5°C. The corresponding SMSR ranged from 10-dB to 20-dB meaning that in all
cases studied here, the two peak powers could
not be equalized due to the limited optical
feedback amplitude as well as the loss induced
by the fiber-based feedback setup. The optical
feedback is known to induce variations in sti-
mulated emission, which are provoked by the
beating of the photons with the delayed field.
Consequently, the carrier fluctuations related
to the cavity photons can deplete carriers from
both resonant QD states inside the homogen-
ous broadening as well as non-resonant states
outside. The small decrease in the DFB peak
power under optical feedback can be explained
by the carrier depletion of the resonant QD
states, which are transferred to another dot
population. The DFB and FP cavity mode
shifts do not exceed 0.10-nm/°C and 0.16-nm/°C respectively; therefore, these variations alone
cannot explain the change in the observed frequency difference with temperature. Another im-
portant point to take into account is the temperature and injected current level dependence of the
homogenous broadening.* At low temperature, dots with different energies remain spatially iso-
lated from each other (see inset of Fig. 1(a)) while they get spatially and energetically connected
to each other at higher temperatures (inset of Fig. 2(b)). The homogeneous linewidth also in-
creases with increasing current injection.™ The combination of these three effects can explain the
progressive shift with temperature of the resonant mode towards the ES gain peak. Although si-
multaneous GS and ES with multi-mode emissions have been previously observed in QD materi-
al when increasing the bias current well above the threshold,***° the results of our work are the
first to demonstrate dual-modes operating in the ES. To conclude, dual-mode lasing within the
ES inhomogeneous broadening can be manipulated via a suitable combination of asymmetric
pumping and external optical feedback in a two-section QD laser. This technique could enable
THz frequency generation ranging from 1.3-THz to 3.6-THz. Generation of the dual-mode out-
put is mainly attributed to the unique nature of the QD media through the ES inhomogeneous
linewidth manipulation using the external control technique.
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FIG. 2. Measured THz frequency difference
(red squares) and Side Mode Suppression
Ratio (black squares) as a function of the
temperature under the best optical feedback
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8. CVD diamond and VECSEL integration (Balakrishnan).

In this year a considerable amount of research was done into the growth, characterization and
thermal analysis of the poly-crystalline layers on CVD diamond. We demonstrated the growth of
polycrystalline GaAs thin-films on polycrystalline Chemical Vapor Deposition (CVD) diamond
by Low-Temperature Molecular Beam Epitaxy (LT-MBE). The Low Temperature GaAs (LT-
GaAs) layer is easily polished compared to the CVD diamond, and this process results in a re-
duction of RMS surface roughness from > 50 nm to < 5 nm. This makes the LT-GaAs on di-
amond layer an ideal wafer-bonding interface for high-power semiconductor devices. The sam-
ples were grown at 0.2 um/hr with a substrate temperate of 250 °C and a 1:8 I11/V beam equiva-
lent pressure ratio. The samples were analyzed by X-Ray powder-diffraction, atomic force mi-
croscopy for surface roughness and in-situ reflective high-energy electron diffraction (RHEED)
during MBE growth. We also measured the thermal conductivity of the GaAs layer on CVD di-
amond using pump-probe time domain thermoreflectance.

Finally, we measured the thermal conductivity of the polycrystalline GaAs films with a
pump-probe time domain thermoreflectance (TDTR) setup located at the Sandia National Labs.
Details of the experimental setup and thermal analysis are discussed in detail elsewhere.

lum-145Wm'K'
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Fig. 1 Thermal conductivities of 1 um, 500 nm, and 100 nm poly-GaAs films on CVD diamond as
measured using pump-probe time domain thermoreflectance.

From the thermal measurements shown in fig. 1, the polycrystalline GaAs films show
promise as an improved thermal interface material (TIM) for diamond heat sinks over tradition-
ally used indium solders. Typical indium solder thermal interface materials have thicknesses on
the order of several microns. Assuming a bulk value for the thermal conductivity of In (81.8 W
m™ K%), the thermal resistance of a 10 mm TIM of In is 1.22x10”" m* K W™. Although the ther-
mal conductivities of the polycrystalline GaAs films are less than that of bulk indium, the re-
quired film thickness is much lower than the typical thickness of In used as TIMs. For the 100
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nm polycrystalline GaAs films measured in this study, the thermal resistance is 1.2x10® m* K W
! athermal resistance that is a factor of 10 lower than a traditional In TIM.

9. Quantum dot VECSELs. (Balakrishnan)

Perhaps the most important innovation in developing world-record quantum dot lasers is the in-
troduction of single dot-layer per antinode resonant periodic gain designs. We have developed
a resonant periodic gain (RPG) structure with a single QD layer per standing wave antinode to
effectively increase the distance between strained layers to improve the quality of the active re-
gion. We have already compared the performance of a VECSEL with 12 separate QD layers
("12x1" structure) to a more traditional design that uses 4 groups of 3 closely spaced QD layers
("4x3™). The experimental performance of the 12x1 device is superior to the 4x3 structure in
terms of threshold pump power, differential efficiency, and maximum output power.
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Fig. 2: Two different resonant periodic gain designs for InAs QD based VECSELSs. The design
on the left has three dot layers per antinode (4x3 design) of the E-field standing wave and the
design on the right has a single dot layer per antinode (12x1 design).

The VECSEL structures were grown in a Vacuum-Generators V80 molecular beam epitaxy
(MBE) reactor on 3 inch diameter GaAs substrates. After oxide desorption, the DBR consisting
of 30 pairs of quarter-wave optical thickness AlAs and GaAs layers was grown. The InAs QDs
were formed by depositing 1.68 monolayers of InAs inside 7 nm thick Ing15Gag gsAs quantum
wells grown at a substrate temperature of 480°C as determined by optical pyrometry. For the 4x3
structure, 3 QD layers are separated by 15 nm GaAs barriers, and repeated 4 times at adjacent
standing wave antinodes, resulting in a total GaAs barrier/subcavity thickness of 0.9 um. In the
case of the 12x1 RPG design, a single QD layer is placed at 12 consecutive antinodes, resulting
in a subcavity thickness of almost 2.4 um. These designs are shown in Figure 2. While this
should be beneficial due to a more complete absorption of incident pump light, it also results in
larger pump non-uniformity across the QD layers. Both VECSEL structures are capped with one
DBR pair consisting of AlAs and Aly3Gao 7As (transparent to the 808 nm pump light) to both
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prevent surface recombination and reduce lasing threshold. The optically pumped VECSELSs
were then compared for a variety of lasing studies and the results have been published in JSTQE
and JVST B (included in publications list).
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10. Plasmonic fluorophores (Jain)

Several novel plasmon-enhanced quantum dot (QD) light

emitters were designed and analyzed theoretically in detail |E/E, |(0=0) at 1=800nm

this year; in addition, several preliminary structures, starting 30
with growth of spherical silica shells of nm thickness around .

CdSe QDs, have been fabricated during this year. E 20
The proposed “plasmonic QD” light emitter consists of a % 0
semiconductor quantum dot surrounded by successive layers o

of insulating dielectric material (silica or a non-conductive : = 5
polymer), which in turn are surrounded by ultrathin field- -20 0 20
enhancing plasmonic noble metal shells (typically silver or x axis (nm)

gold). Simulations of the spatial distribution of the electric
field enhancement factor in such a structure (under x-
polarized plane wave illumination) — immersed in water --
are shown in the false color plot of Figure 1 for a silica-
coated CdSe SQD (of 6 nm diameter) surrounded by a gold
shell of 26 nm outer radius and 23 nm inner radius. It is clear
from this figure that such a quantum dot is expected to experience an electric field enhancement
(EFE) of > 8 (color coded as navy blue) over most of its volume, leading to enhancement of two-
photon-absorption-induced fluorescence (TPAF) by factors exceeding 2400.

Fig. 1: EFE (electric field en-
hancement factors) for a 6nm
QD with a silica shell of 23 nm
radius and a 3nm outer gold
shell.

Such light emitting nanoparticles can be fabricated
by several methods. In one such method, colloidal
semiconductor QDs with an octadecylamine (ODA)
ligand, are mixed with tetraethyl orthosilicate
(TEQOS) -- a silica precursor -- and ammonia in cyc-
lohexane to form a water-in-oil reverse microemul-
sion. The QD, TEOS and ammonia localize into re-
verse micelles where the ammonia hydrolyzes the
TEQOS to separate the silica and deposit it in the
form of highly uniform and ultrathin silica layers on
the QDs. Using this method we synthesized the par-
ticles seen in the TEM image in Figure 2. These will
next be coated with ultrathin (2 - 3 nm thick) layers
of gold to create the structure shown in Figure 1.

Fig. 2: TEM image of silica-coated QD
using the method described in the text.

Multilayered structures with QD core with multiple alternating dielectric and noble metal layers
or “shells” were analyzed and optimized, leading to designs with theoretical TPAF enhance-
ments of 160,000 in the QD core. One such optimized structure consists of a 12 nm radius inner
titania layer, a 6 nm thick inner Ag shell, an 80 nm thick outer titania layer, and an outer Ag shell
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of 8 nm thickness; the field enhancement plots for such a structure in an aqueous environment
are shown in Figs 3 and 4 [7, 8].
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Fig. 4: The same as the previous figure

Fig. 3: EFE for a 12 nm radius inner titania ) )
zoomed in around the inner Aa laver.

layer, 6 nm thick inner Ag shell, 80 nm thick
outer titania layer, and an outer Ag shell of
8 nm thickness, in water.

We have also developed a TPAF imaging system for the characterization of various fluorophores
via linear and non-linear excitation. Baseline experiments on uncoated SQDs (with no plasmonic
enhancement) have been recently performed and reported in these structures [3, 4].

Once the mechanisms of enhanced light absorption and emission from plasmonic quantum dot
structures are well-understood, we will also explore the design and fabrication of optimized
composite structures for other advanced plasmonic devices, such as ultrahigh efficiency solar
cells and brighter high-efficiency LEDs. For solar cell applications, the use of plasmon-enhanced
light absorption seems superior to the use of roughened surfaces for increased light absorption
(since roughened surfaces suffer the disadvantage of increased surface recombination). Note that
this research effort is jointly supported by this grant and another AFOSR grant (PM: G. Po-
mrenke)
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11. Plasmonic Tunnel Junctions (Jain):

We have demonstrated near-IR light emission from MIM tunnel junctions — in a research effort
also supported jointly by this grant and another AFOSR grant (PM: Pomrenke) — from grating-
coupled and randomly structured junctions [5, 6]. This research shows clear evidence of SPP
(surface plasmon polariton) generation by tunneling electrons in carefully-designed MIM (metal-
insulator-metal) structures, and has strong potential for the development of on-chip SPP genera-
tors for miniaturized plasmonic circuits.
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12. Advanced Microstructured Fibers (Jain)

Fiber lasers have unique properties that are preferred in high power/energy output, such as good
beam quality and compactness. Ultra-large mode area microstructured fibers are critical for such
high power fibers lasers. A companion AFOSR DURIP grant, along with manpower support un-
der this grant, has been used to build a state-of-the-art fiber fabrication facility that will be used
in the near future for the fabrication of advanced microstructured fibers. Our primary near-term
focus is on fabricating fibers that will lead to single-
polarization, single-transverse-mode, robust, narrow-
bandwidth kilowatt-level fiber lasers that will be easily
manufacturable and easy to incorporate in various
beam combining laser systems, while meeting the fol-
lowing specifications: (1) single-mode outputs with M
better than 1.05, (2) single-mode polarization with po-
larization extinction ratio better than 20 dB, (3) output
linewidths less than 5 GHz to minimize SBS problems
during high-power scaling, and (4) electrical-to-optical
conversion efficiencies of better than 25% (with a Fig. 1: Microscopic image of fabri-
long-term goal of extending these efficiencies to 40%). cated 125 micron diameter holey

fiber

N

We have successfully demonstrated drawing of fibers
with diameters in the range of 50-225 microns -- of
several hundred meters length -- from conventional silica fiber performs, and have designed and
fabricated several microstructured fiber preforms for endlessly single mode fibers. Several expe-
riments have been performed to study heat propagation within the silica perform and the effects
of internal pressurization on the preform’s internal structure. We have also designed and fabri-
cated a custom water-cooled fixture and an “overpressure system” that is used to create a con-
trolled overpressure inside the “holey” preform (with an accuracy of 2-3kPa) and thereby control
the final geometry of the drawn microstructured fiber. We are in the process of fine-tuning the
pressure control system to be stable to 1kPa, which will enable precise control of the internal fi-
ber geometry, as required for reproducible fabrication of complex microstructured fibers.

We have successfully fabricated microstructured fibers a few times during the last year using a
capillary stack-based hexagonal hole pattern (Fig. 1 illustrates one such 125-micron diameter
fiber fabricated in our fiber fab facility this year). We are in the process of optimizing the pres-
sure and temperature control parameters to vary the size of these holes. After completion of this
study, we plan to attempt fabrication of a rectangular hole lattice in the near future, followed by
fabrication of a set of capillaries of varying IDs to obtain a unidirectional linear effective index
tilt in the microstructured fiber to demonstrate an extremely low-loss VLMA fiber; the proposed
VLMA fiber design will represent a major advance in the design of high power fiber lasers, an
area of great interest to — and of a planned collaboration with — researchers at AFRL, Kirtland
AFB.
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13. Plasmonic Infrared Detectors and Focal Plane Arrays (Brueck and
Krishna)

Infrared imaging (3- to 14-um) is critical to many defense and civilian missions. The infrared has
long been a mainstay for defense sensing and warning including defeating camouflage,* remote
identification of chemical and biological compounds,? and anomaly detection.® Civilian applica-
tions include fire detection and monitoring, perimeter monitoring of chemical facilities, and med-
ical applications.® Infrared imaging has improved from mechanically scanned single pixel detec-
tors, to linear arrays and to today’s high pixel count (to 16 Mpixel and higher) focal plane arrays.
However, the photon detector technology in the main relies on InSb (MWIR, 3-5 um) and
HgCdTe systems (LWIR, 8-12 um) that have been improved upon incrementally for at least 50
years — technologies that are widely available to friend and foe alike.> Important directions in
infrared sensor technology are: high operation temperature (HOT), multi/hyperspectral sensing
and polarimetry. This project addresses all of these issues by adding plasmonic functionality to
I11-V based focal plane array technologies including quantum dots (QD) and strained layer su-
perlattices. QD detectors have demonstrated very low dark current but suffer low quantum effi-
ciency due to a low fill factor and weak absorption®. The proposed approach will enhance the
quantum efficiency (QE) for QD-based devices close to 100% (or alternatively allow reduction
of the dark current for superlattice detectors by reducing the active volume without sacrificing
QE) addressing the HOT requirement while allowing the use of a I11-V based material system
with significant manufacturability advantages. The plasmonic structure can be modified at each
pixel to encode both spectral and polarization selectivity into the focal plane array; a dramatic
simplification compared to current, ad hoc filter-based approaches, opening a new paradigm in
bio-inspired spectral-polarimetric sensing. The combination is a big enough step to claim a next
generation in infrared imaging technology and to shift the balance back to US technological ad-
vantage.

Plasmonic Coupling to Infrared Photon Detectors Recently, the optical properties of a thin
metal film perforated by 2-dimensional (2D) hole arrays, a metal photonic crystal (MPC), and
the role of surface plasma waves (SPWSs) in the extraordinary optical transmission of this MPC
have been studied extensively.” The SPW is bound to the metal/dielectric interface with an eva-
nescent field that decays exponentially away from the interface. Resonances are observed when a
wavevector of the array provides phase-matching between the incident photon and SPWs at ei-
ther of the metal/dielectric interfaces. We have demonstrated a significant, 30x, enhancement in
the response of InAs:GaAs dots in a well (DWELL) photodetectors by adding a plasmonic struc-
ture.® Fig. 1 shows the structure and the responsivity enhancement.

This result was for a large, 400 um diameter, pixel. In a focal plane the typical pixel dimension is
~ 25 um. There remain significant questions toward optimizing the final structure. What is the
impact of the QD absorption on the plasmon propagation? How high a quantum efficiency can
be achieved and for what pixel dimension? What is the impact of the heavily-doped contact layer
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between the metal and the active region? This is a lower index region that results in a leaky mode
behavior. Can this be finessed to further improve the detectivity? Our estimates indicate that
close to 100% quantum efficiency can be achieved, dramatically improving the performance of
QD photodetectors which have a deserved stigma of low QE. What is the optimal strategy for
incorporating high absorption detectors such as strained layer superlattices? At first blush, it
would seem that the best strategy is to reduce the superlattice thickness so that the combination
has a high quantum efficiency, but at a reduced dark current due to the reduced active volume.
What about the rest of the structure, the back contact and the remaining substrate? Clearly an
overall optimization based on modeling and understanding the complex modal structure of the

entire device is required.

Plasmonic Arrays and Integration into Focal Planes In
this program, we have successfully demonstrated the first
fully integrated plasmonics-coupled focal plane array.” Fig. 2
shows the structure (with 25 um pixels). The important
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Fig. 1: (a) Top down view of detector
showing plasmonic structure and con-
tacts. (b) Cross section of plasmonics
detector showing epitaxial detail; (c)
Enhanced detectivity of the plasmonic
detector compared to a bare reference
for two bias polarities. The two peaks
correspond to the (1,0) and (1,1)
plasmon resonances. The two black
arrows point to the peaks of the bare
detector response for the same biases.
The 30x detectivity improvement is
evident.

physics is to understand the interaction between the plasma wave attenuation (which is 100s of
ums in the IR) and the infrared absorption in the semiconductor. The goal is to maximize the
quantum efficiency by absorbing the majority of the radiation within the 25-um pixel width. We
have demonstrated that a corrugated metal surface that can be patterned and deposited after the
growth on the top surface of the epitaxy can be used for the SPW coupling. This vastly simplifies
the process of integrating the plasmonics structure with standard FPA flip-chip manufacturing

processes for integration with a ROIC.
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Figure 2: a) Detail of the epitaxial structure and band diagram; b) schematic view of the foc-

al plane array showing the separation between bare and MPC regions and the bump bonding

to the ROIC; c) simulation of the enhanced SPW fields; d) enlarged views of the MPC includ-
ing a SEM of the detailed pattern.
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First Resonance Above Resonance

Fig. 3: (a) Spectral response of the two halves of the FPA. (b) Difference (plasmonic-bare) and
fit of (1,0) and (1,1) resonances. (c) Image from the FPA with a black body behind the open
aperture. (d-g) Images with different filters (see (a-b) for spectral identification, clearly showing
enhancement/ depletion from the plasmonic coupling.

Towards a bioinspired infrared retina The most exciting new scientific application of this
technology is to encode different spectral and polarization information in each pixel of the FPA.
The SPW coupling dimensions are large in the infrared, ~ A/n, where A is the wavelength of in-
terest and n the semiconductor refractive index, well within the capabilities of standard lithogra-
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phy systems. It is worth noting that the human eye is not a continuous spectroscopic instrument,
but rather encodes color information in the relative intensities of three broadband and largely
overlapping spectral sensors. Clearly, nature has judged that a simple linear coding across wave-
lengths is not the most efficient strategy! There is quite a bit of flexibility in the design of the
coupling structure (both the metal film and the semiconductor layer structure) that will allow a
vigorous investigation of alternatives across a broad range of bandwidths, coupling strengths,
SPW absorption/scattering lengths and spectral overlaps.
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14. 3D Interferometric Lithography (Brueck)

Chiral, coil-spring-like helical photonic crystal structures are useful for optical applications in-
cluding: circular polarizers, optical diodes, and optical isolators.? A chiral material lacks any
planes of mirror symmetry and is characterized by a cross coupling between the electric and the
magnetic material response. This results in breaking the degeneracy between the two circularly
polarized waves; i.e., the refractive index is increased for one circular polarization and reduced
for the other. This gives rise to interesting phenomena that are not available from conventional
materials including the possibility of a negative refractive index for one circular polarization
while the other remains positive.®

Traditionally, helical structures have been formed using glancing angle deposition (GLAD), a
technique based on physical vapor deposition that employs oblique angle deposition conditions,
or serial direct laser writing based on multiphoton absorption.*® Both of these techniques are
slow processes. GLAD runs into shadowing and uniformity issues across large areas, and direct
laser writing is impractical for fabricating helical structures over large areas.

A novel technique has been developed in this program that creates dense arrays of helical struc-
tures (3D photonic crystals) using a simple, parallel, large-area lithography process with the ca-
pability to regulate the size, shape, and periodicities of the crystal, allowing independent control
over the helical lattice periodicity and coil pitch of the 3D PhC. This technique consists of a sim-
ple two-beam off-axis Michelson interferometric lithography arrangement with multiple expo-
sures followed by a single development step.®

Interferometric lithography (IL) can produce gratings down to a A/4n half-pitch.” IL also has a
large depthof-focus with inherent uniformity for forming large-area gratings on photoresist-
coated wafers. Most important of all there is no need to use a mask, or focusing optical system,
to produce very small pitch structures. This provides inexpensive large-area fabrication capabili-
ties for nmscale pitch periodic features. Using an off-axis Michelson interferometric technique
producing helical structures over large area is rapid in comparison to previously demonstrated
techniques. The helical pillar photoresist structures are very prone to collapse during the drying
step of the development process due to the surface tension applied to the high aspect ratio and
small substrate contact area of the photoresist. The inverse structures, helical holes, can be ob-
tained by lowering the exposure dose, and will not have any issues with pattern collapse. These
helical holes can subsequently be used as a mandrel for a sol-gel or metal electroforming
process, enabling a high index contrast chiral metamaterial. In this initial demonstration, we con-
centrated on the helical pillars.

A mathematical model of the 3D PhCs available by this new 3D IL approach has been derived.
These models are used to generate helical three-dimensional PhCs figures that are then compared
to experimentally produced helical PhCs. The experimentally produced helical PhCs are then
evaluated by their impact on linearly polarized light. Measurements of the transmitted light for
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various polarizations were recorded, and a plot of the degree-of-polarization from several mea-
surements is presented.

Traditionally three-dimensional IL has
involved a single exposure with multiple
(four or more) plane waves. However,
multiple-exposure, two-beam IL can also 4
be used to create a 3D pattern.?

fad

To better understand these relationships
and the parameter space for the z-period
compared to the transverse periods, a
plot of available z-periods versus availa- ,
ble (x, y) periods for an exposure wave- ' A T
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greater range of combinations of z-

periods versus x-periods achievable with off-axis multiple-exposure 3D IL PhCs. The green
dashed line (at ~45°) represents the symmetrical PC (z-period = x-period). As the refractive in-
dex of the photoresist increases, to more realistic values of ~1.7-1.8, the area of achievable
pitches (light cyan colored area) decreases due to the reduction of the available beam angles in
the resist. However, for immersion approaches the relevant parameter is npr/Nayig ~ 1.7/1.4 ~ 1.3,

restoring the wide range of accessible periods for practical photoresists.
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Both images created by mathematical models and SEM images of the experimental 3D PCs us-
ing the multiple exposure IL setup are presented. The set of exposures were made using a Six-
exposure process (with 60_ rotations and /3 phase-shift in the z-plane between each exposure)
that creates a 3D helical PC. The experimental PCs are made in Futurrex NR7-6000P negative
photoresist at a thickness of 5 um exposed at 355 nm. In Fig. 2, mathematically simulated im-
ages and experimental SEM images are shown side by side. The result is an array of helical spir-
als that have a 1926 nm period along the z-axis, and are spaced apart by 1102 nm on a hexagonal
grid. The silicon wafer substrates of the experimental PCs are cleaved for cross-section SEMs.
The PC is very uniform over the 10-um? area imaged:; the overall area of the PC was 2 cm?. Any
variation in the photonic crystal coil size is likely due to variations in exposure dose versus pho-
toresist depth resulting from light absorption in the photoresist, and to a smaller extent from de-
veloper diffusion and concentration fluctuations. The coil sizes in the crystal structure vary
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slightly from edge to edge of the 2 cm? PC mostly due to exposure variations. For the top-down
SEM images in Fig. 7, one full rotation of the crystal coils is visible. The top down SEM clearly
shows the hexagonal symmetry of the helical crystals. Optical measurements have been reported
elsewhere.

D)
=) 7 ) ) o ) P )
s 2 o

s o R SR
1'um

Fig. 2: Helical PCs made using six exposures with 60° rotation. a) simulations; b)SEM images
of experimental structures.
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